Several arthropod taxa live exclusively on vertebrate blood. This food source lacks essential metabolites required for the maintenance of metabolic homeostasis, and as such, these arthropods have formed symbioses with nutrient-supplementing microbes that facilitate their host's 'hematophagous' feeding ecology. Herein we highlight metabolic contributions of bacterial symbionts that reside within tsetse flies, bed bugs, lice, reduviid bugs, and ticks, with specific emphasis on B vitamin and cofactor biosynthesis. Importantly, these arthropods can transmit pathogens of medical and veterinary relevance and/or cause infestations that induce psychological and dermatological distress. Microbial metabolites, and the biochemical pathways that generate them, can serve as specific targets of novel control mechanisms aimed at disrupting the metabolism of hematophagous arthropods, thus combatting pest invasion and vector-borne pathogen transmission.
the dermatological pathologies caused by bites (including allergic reactions and potential secondary infections with skin-associated pathogens), and the detrimental psychological ramifications associated with infections and/or infestations. Thus, understanding the molecular mechanisms that underlie microbiota-facilitated hematophagy is of vital importance, as detailed knowledge of these interactions can lead to the development of novel targets and control mechanisms for disrupting pest biology and pathogen transmission.
Tsetse Fly
Tsetse flies (Diptera: Glossinidae), localized exclusively to sub-Saharan Africa, are of medical significance as the cyclical and obligate vector of African trypanosomes (Trypanosoma spp.). These flagellate protozoa are the causative agents of human and animal African trypanosomiases, which are neglected diseases that result in significant morbidity and mortality across much of Africa [27] [28] [29] . In addition to potentially harboring trypanosomes, tsetse flies are associated with a consistent and restricted (i.e., low taxonomic richness) intestinal microbiota [30] . The simplicity of the microbiota, in stark contrast to those of many other animals, is likely to arise from two unique facets of the tsetse's biology. First, both male and female tsetse flies feed exclusively on sterile vertebrate blood. Second, tsetse flies employ a unique mode of reproduction known as adenotrophic viviparity during which all of embryogenesis, and most of larval development, occurs within the sterile maternal uterus [31] . These biological traits significantly curtail the fly's exposure to microbes during most life stages.
The tsetse fly's enteric microbiota primarily comprises two Gammaproteobacteria, the ancient obligate mutualist Wigglesworthia spp. [32] and the more recently acquired commensal Sodalis However, this population is transient, comprises only a small percentage of the total bacteria present, and is likely to lack a functional role with respect to tsetse biology.
Wigglesworthia
The Wigglesworthia-tsetse symbiosis extends back 50-80 million years [49] . This relationship has persisted through tsetse species radiation and has driven stringent coevolution between the two partners. In both male and female tsetse flies, Wigglesworthia are located ( Figure 1 ) within [54, 58] . Below we highlight how these vitamins contribute to the physiological homeostasis of the tsetse fly and its limited microbiota.
Thiamine (B1)
Wigglesworthia's ability to synthesize thiamine is likely to reflect the bacterium's coevolution with its tsetse host. This feature may also represent an early signature of coevolution between the obligate mutualist and other members of the fly's microbiota, as a means of evading antagonism within the tsetse holobiont (the host and associated microbiota) [59] . One of the few distinctions in gene retention between the Wigglesworthia and Sodalis genomes lies in thiamine synthesis and transport. These symbionts are metabolically intertwined with respect to their biological need for thiamine. More specifically, Wigglesworthia is capable of de novo thiamine monophosphate (TMP) production while Sodalis has apparently lost this capability, a fact supported by the presence of pseudogenes and missing loci in the commensal microbe's TMP biosynthetic pathway [60] . Despite its inability to produce this vitamin, Sodalis requires thiamine to maintain metabolic homeostasis and is thus dependent on exogenous sources. Consequently, this bacterium retains a concentration-dependent thiamine ABC transporter (TbpAThiPQ) that enables salvage from the environment. Wigglesworthia transcription of the thiamine biosynthetic locus thiC varies throughout tsetse development, likely to reflect differences in demand throughout the fly's life cycle [51] . Moreover, transcription of the biosynthetic pathway and Wigglesworthia population density may be regulated to accommodate exogenous thiamine supplementation of the blood meal [51] , although whether this is bacterium or host mediated remains to be determined. The Wigglesworthia-Sodalis interdependency may be used to exemplify the Black Queen Hypothesis (BQH) [61] , which highlights requisites for the evolution of cooperation between species. The BQH states that the evolution of a cooperative community may involve the production of a leaky product by one species, inadvertently providing a public resource, followed by relaxed selection on these biosynthetic pathways within the genome of a beneficiary. Together these processes drive interspecies dependency. Microbiota genome complementation, not only towards the host but also towards other members of the community, has been described in several insect systems [62] [63] [64] [65] . This complementation may drive synergistic equilibrium and accelerate further interdependence [66] , indicative of selection at the host rather than the individual symbiont population level.
Pyridoxine (B6)
Tsetse flies differ from most other insects in the use of proline as a precursor for ATP production (reviewed in [67] ) through the tricarboxylic acid (TCA) cycle, rather than carbohydrates such as trehalose or glucose. Proline fuels various tsetse activities including flight [68] and lactation during intrauterine larval development [52] . Notably, Wigglesworthia also plays a role in host proline homeostasis through the production of the essential cofactor pyridoxal phosphate (the active form of vitamin B6). Vitamin B6 is essential for the enzymatic function of alanine-glyoxylate aminotransferase (AGAT), the first step in proline regeneration from alanine within the tsetse fatbody tissue [52] . In support of symbiont B6 provision, tsetse lacking Wigglesworthia have significantly lower levels of circulating B6, and correspondingly lower proline levels, within their hemolymph. This phenotype results in elevated larval abortion by pregnant females [52] . Interestingly, trypanosomes also utilize proline as a carbon source during their development within the tsetse host [69] [70] [71] , and proline levels within the fly's hemolymph are significantly reduced when it harbors late trypanosome infections [52] . This suggests that B6 reserves may affect the maturation of infections and/or be necessary for the induction of tsetse immune responses that combat infection with parasitic trypanosomes [72, 73] . Additionally, competition for proline between tsetse and trypanosomes may account for why parasitized females exhibit significantly reduced fecundity compared with their uninfected counterparts [69] .
Folate (B9)
The genomes of Wigglesworthia from divergent tsetse species (G. morsitans and Glossina brevipalpis) exhibit extraordinary chromosomal synteny and gene retention [54, 58] . However, one of the few distinctions between the genomes of these bacteria is that Wigglesworthia glossinidia morsitans (Wgm) (Wigglesworthia spp. within the G. morsitans host) retains a complete pathway that converts phosphoenolpyruvate (PEP) and erythrose 4-phosphate into chorismate, which is a precursor for aromatic amino acid and vitamin production [74, 75] . Moreover, Wgm is then able to incorporate chorismate into the p-aminobenzoate (PABA) biosynthesis branch for downstream folate (vitamin B9) production. The higher transcriptional activity of representative loci within the Wgm folate/chorismate biosynthesis pathways, coupled with the greater folate abundance within female G. morsitans bacteriomes, particularly during gestation, supports the significance of B9 availability in early female sexual development and reproduction [53] . Inhibition of the Wgm folate biosynthesis pathway within the maternal bacteriome results in an increase in the time required for larvigenesis and the production of smaller larvae [53] . The relationship between the capacity of different Wigglesworthia to synthesize vitamin B9 and differential vector competency across associated tsetse species [76] [77] [78] [79] [80] [81] remains unknown. However, because trypanosomes are folate auxotrophs [82, 83] , variations in the production of this vitamin may contribute to the developmental progression of this parasite in different tsetse hosts. It is tempting to speculate that distinctions in the biosynthetic capabilities of Wigglesworthia spp. within different tsetse species may impact tsetse ecological variation; for example, by influencing preference for vertebrate blood meals of varying nutritional composition [84, 85] . Conversely, the reciprocal situation, in which tsetse nutritional ecology may have shaped Wigglesworthia genome content, thus selecting for the presence or absence of certain loci, may have also occurred.
Sodalis
Compared with the obligate Wigglesworthia, the commensal Sodalis has a relatively recent evolutionary association with tsetse flies [86, 87] . Indeed, this bacterium's presence within natural tsetse populations is stochastic [46, 48, 88] . Sodalis exhibits broad tissue tropism within the fly (Figure 1 ) but is predominantly found in the midgut [89] . The function of Sodalis in tsetse flies is poorly understood and the degree to which and how Sodalis contributes to tsetse vector competency remain a contentious topic [90] . One theory proposes that the chitinolytic activity of Sodalis within tsetse midgut may potentiate trypanosome infection susceptibility in teneral (newly eclosed) flies through the release of N-acetyl-D-glucosamine (GlcNAc) and its inhibition of antitrypanosomal lectins [91, 92] found naturally in low abundance in young-adult flies. The extent of Sodalis integration with the Wigglesworthia symbiont is likely to extend beyond B1 metabolism and is currently being investigated. Interestingly, the absence of Wigglesworthia within a tsetse fly results in the loss of Sodalis in subsequent generations [93] . Lastly, the identification of Sodalis-like bacteria has been described in numerous insect species including various Hemiptera, Diptera, Coleoptera, and Phthiraptera [94] [95] [96] [97] [98] [99] [100] [101] , although little is known concerning genome modifications following establishment within these very different hosts [102, 103] .
Bed Bug
The common bed bug, Cimex lectularius, is an obligatory blood feeder throughout all mobile life stages [104, 105] . Bed bugs may serve to facilitate the transmission of various pathogens, including American trypanosomes and harmful bacteria and arboviruses [106] [107] [108] , although the magnitude of disease transmission in the field, and consequent relevance to public health, remains to be determined. Furthermore, whether bed bugs serve as true vectors or simply facilitate mechanical transmission is also unknown. Bed bugs harbor Wolbachia (wCle) that belong to the F supergroup and are thus phylogenetically similar to beneficial Wolbachia strains harbored by filarial nematodes [109] . The bed bug-Wolbachia symbiosis is mutualistic and thus this bacterium does not negatively impact bed bug fitness as do different Wolbachia strains found in other insect hosts (reviewed in [110] ). wCle is found within bacteriocytes that cumulatively comprise a pair of bacteriomes located adjacent to the bed bug's gonads (Figure 1 ), which facilitates vertical transmission [111] . An as yet unidentified gammaproteobacterium may also be found co-occurring within bed bug bacteriocytes and sporadically throughout other tissues, including Malpighian tubules and ovariole pedicels [111] . The function of this bacterium remains unknown, but its localization suggests a role in waste recycling.
Biotin and Riboflavin wCle provides nutrients that facilitate the bed bug hematophagous life style and in the absence of this symbiont the host exhibits impaired development and reproductive sterility [111] . Symbiont elimination and vitamin supplementation experiments indicate that wCle provides biotin (vitamin B7) and riboflavin (vitamin B2) to its bed bug host [112, 113] . Interestingly, the biotin biosynthetic pathway was acquired by an ancestor of wCle through a lateral gene transfer event from an unrelated bacterium [112] . In contrast to biotin biosynthesis, all available insectassociated Wolbachia genomes retain a complete riboflavin biosynthesis pathway [112] . Weak or conditional fitness benefits, such as riboflavin provision or other advantages conferred by Wolbachia [114] within other insects, may facilitate the invasion and spread of Wolbachia in host populations while lessening the burden of parasitism associated with these infections.
Symbiont Nutrient Contributions to Louse, Tick, and Reduviid Bug Hosts
Lice The human body louse, and several genera of hard and soft ticks, house endogenous symbiotic bacteria that are likely to supply essential metabolites to their host. The human body louse, Pediculus humanus humanus, feeds exclusively on blood from the human body and can vector several pathogens, including Rickettsia prowazekii, Borrelia recurrentis, and Bartonella quintana (the causative agents of epidemic typhus, relapsing fever, and trench fever, respectively [115] ). This human ectoparasite also harbors a primary endosymbiont, provisionally designated 'Candidatus Riesia pediculicola' [116] , a member of the Enterobacteriaceae family within the Gammaproteobacteria [117] . In nymphs and adult males, R. pediculicola is localized to bacteriocytes that collectively form a 'stomach disc' within the midgut, while in adult females this microbe is housed within the lateral oviducts and posterior oocyte poles, suggestive of the route of maternal transmission via extracellular symbiont migration [116, 118] This bacterium has coevolved extensively with its louse host and thus has a highly streamlined genome comprising a 574 526-bp linear chromosome and a 7628-bp extrachromosomal plasmid [119] . In the absence of R. pediculicola, louse nymphs perish during their first molt [120] . This outcome is likely to reflect the fact that this symbiont is required for P. h. humanus to produce pantothenic acid (vitamin B5). Interestingly, three genes (panB, panC, and panE) that encode enzymes necessary for pantothenic acid synthesis are located on R. pediculicola's multicopy plasmid [119, 121] . This arrangement may reflect an evolution-driven mechanism that reduces the risk of gene loss during symbiont genome degeneration while ensuring adequate levels of gene expression [119] . Interestingly, the genome of R. pediculicola lacks antibiotic resistance genes, suggesting that targeting this symbiont through antibiotic administration may be a novel method of controlling P. h. humanus infestations [120, 122] .
Ticks
Ticks are also obligate blood feeders (and prolific disease vectors [123] ) and thus house endosymbiotic bacteria for the likely purpose of acquiring nutrients absent from their exclusive food source. These microbes include members of the genera Coxiella, Rickettsia, and Francisella, some of which are closely related to vertebrate pathogens [124] [125] [126] [127] . These bacteria are trans-stadially and transgenerationally transmitted in several tick hosts [128] [129] [130] [131] [132] [133] [134] and exhibit genomic features characteristic of extensive coevolution with their tick hosts, as exemplified through co-cladogenesis. For example, the genomes of the Rickettsia endosymbionts (Rickettsia buchneri) from Ixodes pacificus and Ixodes scapularis encode the full set of gene orthologs (folA, folC, folE, folKP, and ptpS) required for de novo folate biosynthesis [133, 135] . Similarly, the chromosome of the Coxiella-like symbiont from the lone star tick, Amblyomma americanum, is highly reduced (657 kb [126] ) and, like that of its counterpart found in Rhipicephalus turanicus, encodes major vitamin and cofactor biosynthesis pathways, including those that produce folic acid, pyridoxine, lipoic acid, thiamine phosphate, biotin, and riboflavin [126, 136] . Antibiotic treatment of A. americanum reduces symbiont density and results in a significant increase in time to oviposition and a significant reduction in the number of larvae that hatch and that are subsequently viable [137] . These reduced fitness parameters appeared to result specifically from the loss of Coxiella and not Rickettsia [137, 138] , suggesting that the former bacterium is a primary endosymbiont of A. americanum (and probably other tick species). Little is known concerning the functional roles that Francisella may play relative to tick biology, with greater research emphasis on discriminating between the highly virulent human pathogen Francisella tularensis and Francisella-like endosymbionts (FLEs) to inform epidemiological studies [139, 140] .
Reduviid Bugs
The reduviid bug Rhodnius prolixus is the principle vector of Trypanosoma cruzii, the causative agent of Chagas disease (also referred to as New World or American trypanosomiasis) [141] . This insect houses an obligate symbiont from the genus Rhodococcus that is vertically transmitted to coprophagic (i.e., feces-ingesting) first-instar nymphs [142] . The genome of Rhodococcus (Rhodococcus rhodnii) housed in R. prolixus encodes several B vitamin biosynthesis genes, including those involved in the production of thiamine (B1), riboflavin (B2), niacin (B3), pantothenate (B5), pyridoxal (B6), biotin (B7), tetrahydrofolate (B9), and cobalamin (B12) [143] . R. prolixus that lack R. rhodnii die prematurely during early nymphal development [142] and the obligate nature of this symbiosis is likely to be a function of either bacterial vitamin supplementation or being digested by the host, with various cellular components providing deficient nutrients [142, 144, 145] .
Concluding Remarks
In this review we summarize the current state of knowledge regarding symbiont nutrient contributions to arthropod hosts that feed exclusively on vertebrate blood throughout their lifespan. The defining themes in the relevant literature represent hallmarks of obligate symbioses that have emerged after extensive periods of host-bacteria coevolution. These themes also serve as examples of convergent evolution on the part of distant bacteria that retain B vitamin
Outstanding Questions
What are the cues that initiate the establishment of nutritional symbioses and how do bacterial symbionts adapt to their host's background (i.e., physiological, metabolic, genomic) on and during establishment? Sodalis and Sodalis-like symbionts are in the process of establishing symbiotic relationships with a broad range of insects that employ very different nutritional ecologies. These systems may provide a wealth of information on adaptive processes that underlie nascent symbiotic associations. and cofactor biosynthesis pathways despite selection towards reduced genomes within their strictly blood-feeding hosts. Prominently, nutrient-providing bacterial symbionts often reside within cells (bacteriocytes) that together form specialized bacteriome organs that may afford immunological protection and/or increase the efficiency of provisioning roles and the accumulation of produced metabolites. Next-generation sequencing of bacterial genomes has allowed us to acquire putative insights and thus develop hypotheses about the metabolic relationship between hematophagous arthropods and their obligate symbionts (see Outstanding Questions). To more rigorously address these theories through functional experimentation, we must develop techniques for culturing obligate symbionts outside their hosts, either in cell lines [135, 146, 147] or (better yet) in cell-free media. We must also improve on the proteomicsrelated technologies (such as mass spectrometry) used to confirm symbiont metabolite production and distribution. 'Starving' hematophagous arthropods by obstructing symbiont nutrient-provision processes may serve as a novel strategy for reducing infestations and the spread of vector-borne diseases. 
